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PREFACE 

T h i s  report  was sponsored by the Arizona Transportation Research Center 

through the  man-year facul ty  agreement w i t h  the Center f o r  Advanced Research 

i n  T r a n s p o r t a t i o n .  The object ive of the s t u d y  was t o  summarize the s t a t e -  

of-the knowledge of portland cement concrete pavement patches. 

The c o n t e n t  of t h i s  r e p o r t  r e f l e c t s  the views of the authors who a r e  

responsible f o r  the f a c t s  and accuracy of the data presented. The c o n t e n t s  

do not n e c e s s a r i l y  r e f l e c t  the o f f i c i a l  views of the Arizona Department of 

Transportation or  the  Arizona Transportation Research Cen te r .  Th i s  r e p o r t  

does not cons t i t u t e  a  standard, spec i f ica t ion ,  or  regulat ion.  
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CHAPTER I INTRODUCTION 

E f f e c t i v e  repa i r  of s p a l l s ,  cracks and related d is resses  i n  portland cement 

concrete pavement has been i n  a s t a t e  of evolution s i n c e  t h e  e a r l y  1900 ' s .  

In  t h e  p a s t  decade ,  however, more de l ibera te  a t ten t ion  has been focused on 

the problem i n  an e f f o r t  t o  find economical, t ime-sensitive and long-lasting 

methods t o  patch and r epa i r  concrete pavement. 

Rigid concrete pavements, although capable of being designed and b u i l t  t o  

l a s t  r e l a t i v e l y  l o n g  per iods  of time, do require r epa i r  of d i s t ressed  and 

damaged p o r t i ~ n s  of individual s labs.  The effected areas  a r e  small  i n  s i z e  

and u s u a l l y  i s o l a t e d .  The e f f e c t e d  conc re t e  has  a mode of d i s t r e s s  and 

f a i l u r e  t h a t  is cumulative. In many cases t h i s  begins  a s  an u n d e t e c t a b l e  

minor weakness i n  t h e  o r i g i n a l  c o n c r e t e ,  a s  p laced .  A p rog res s ion  of 

f a i l u r e  then takes place within t h i s  small area a s  the s l a b  absorbs t r a f f i c  

l o a d i n g s .  There is  a concentration of d i s t r e s s  a t  t h i s  c r i t i c a l  a rea ,  and 

with time, sec t ions  begin t o  crumble and separate  from t h e  s l a b .  Remedial 

e f f o r t s  a r e  then required i f  the effected s labs a r e  t o  successful ly  function 

as an in tegra l  pa r t  of the pavement system. Additionally,  the timing of the 

r e p a i r s  is all-important.  There a r e  recognized adverse consequences t o  the 

pavement's performance tha t  r e su l t  from delays i n  r e s t o r i n g  t h e  d i s t r e s s e d  

areas  back t o  a se rv iceable  condition. 

A variety of repa i r  methods and m a t e r i a l s  a r e  being u t i l i z e d  by highway 

agenc ie s  i n  an e f f o r t  t o  "keep up1' with t h i s  problem. The success and/or 

se rv ice  l i f e  of various e f f o r t s  and products seems t o  be unpredictable .  I n  

a d d i t i o n ,  t h e  i n c r e a s e s  i n  t r a f f i c  numbers and weights has increased the 

instances of s l ab  de ter iora t ion .  This has led,  qu i t e  na tura l ly ,  t o  a number 

of s t u d i e s  and r e s e a r c h  p r o j e c t s .  The i r  aim was t o  i d e n t i f y  t h e  most 



effec t ive  method for  repairing the various deter iorat ions,  and choose repair  

products  t h a t  would a s s u r e  some degree of long term s e r v i c e a b i l i t y  a t  

reasonable or acceptable costs.  



e f f e c t i v e  method f o r  r e p a i r i n g  t h e  va r ious  d e t e r i o r a t i o n s ,  and choose r e p a i r  

p r o d u c t s  t h a t  would  a s s u r e  some d e g r e e  o f  l o n g  t e r m  s e r v i c e a b i l i t y  a t  

r e a s o n a b l e  o r  a c c e p t a b l e  c o s t s .  



CHAPTER I1 OVERVIEW OF VARIABLES RELATED TO SLAB FAILURES 

I n  r e v i e w i n g  m a t e r i a l s  r e l a t e d  f o r  t h e  p r e p a r a t i o n  o f  t h i s  s t a t e  o f -  

t h e - a r t  r e p o r t  o n  c o n c r e t e  p a t c h i n g ,  f i v e  d i s t i n c t  v a r i a b l e s  were 

c o n s i d e r e d :  

1 .  T h e  t y p e / d e s  i g n  o f  t h e  o r i g i n a l  p o r t l a n d  cement c o n c r e t e  pavement.  

T h e r e  a r e  f i v e  ( 5 )  w i d e l y  u s e d  r i g i d  p a v e m e n t  d e s i g n s  i n  N o r t h  

America ,  i n c l u d i n g  o n e  s t i l l  c o n s i d e r e d  e x p e r i m e n t a l ;  

[ a ]  Non-reinf  o r c e d ,  undoweled 

[b] Non-reinf  o r c e d ,  doweled 

[c]  Dowel-mesh 

Cd 1 C o n t i n u o u s l y  r e i n f o r c e d  c o n c r e t e  pavement 

[e l  P r e s t r e s s e d  ( C o n s i d e r e d  e x p e r i m e n t a l )  

2. The t y p e  o f  d i s t r e s s  modes e f f e c t i n g  a  pavement s l a b  s e c t i o n ;  

[a] Crack and s p a l l  a t  t h e  t r a n s v e r s e  j o i n t  

(bl Crack a n d  s p a l l  a t  t h e  l o n g i t u d i n a l  j o i n t  

[c]  Crack a n d  s p a l l  a t  t h e  i n t e r s e c t i o n  o f  t h e  t r a n s v e r s e  a n d  

l o n g 1  t u d i n a l  j o i n t  

[ d l  F u l l  d e p t h  c r a c k i n g  between j o i n t s  

3. S i z e  and c o n f i g u r a t i o n  o f  r e p a i r :  

[a ]  F u l l - d e p t h ,  p a r t i a l  s l a b  

[b ]  F u l l - d e p t h ,  f u l l  s l a b  

L C ]  P a r t i a l - d e p t h ,  p a r t i a l  s l a b  

4 .  The t y p e s  and v a r i e t i e s  o f  r e p a i r  m a t e r i a l s ;  

[ a ]  P o r t l a n d  cement b a s e d  c o n c r e t e  m i x t u r e s  



[b]  P o r t l a n d  cement based c o n c r e t e  mix tu re s  modi f ied  w i t h  v a r i o u s  

mine ra l  and chemical admixtures  

[ c ]  Polymerized c o n c r e t e  

[ d l  P r o p r i e t a r y  r a p i d - s e t  compounds 

5. P o s s i b l e  c o n t r i b u t i n g  f a c t o r s  i n  t h e  f a i l u r e  of p a t c h i n g  m a t e r i a l s .  

[ a ]  Mix v a r i a t i o n s  caused by improper f i e l d  mixing 

[ b l  Extremes i n  ambient t empera tu re s  

[ c ]  Temperature d i f f e r e n t i a l s  between p a t c h i  ng m a t e r i a l s  a n d  t h e  

i n -p l ace  s l a b  

[ d l  Lack of bonding 

[ e l  Modulus o f  e l a s t i c i t y  d i f f e r e n t i a l s  between s l a b  c o n c r e t e  and 

pa t ch ing  m a t e r i a l  

[ f  1 Var i a b i  l i t y  among manuf a c t u r e r s t  packages of t h e  same r a p i d -  

s e t  m a t e r i a l .  

I n  c o n s i d e r i n g  t h e  f i v e  v a r i a b l e s  and  t h e i r  i n t e r - r e l a t i o n s h i p ,  t h e  

fo l lowing  p re l imina ry  o b s e r v a t i o n s  a r e  e v i d e n t :  

1 .  N o n - r e i n f o r c e d  pavemen t s  w i t h  s h o r t  j o i n t  s p a c i n g s  have s i m i l a r  

j o i n t - r e l a t e d  d i s t r e s s  i n  bo th  doweled and undoweled d e s i g c s  . The d o w e l e d  

p a v e m e n t s ,  however, may be e x h i b i t i n g  l e s s  j o i n t  r e p a i r  needs ,  p a r t i c u l a r l y  

i n  mild c l i m a t i c  a r e a s .  

2.  Dowel-mesh pavemen t s  d i f f e r  on ly  i n  t h e  manner i n  which t h e  pa t ch  

must be p l aced  c o n s i d e r i n g  t h e  r e i n f o r c i n g  s t e e l  and i t s  l o c a t i o n  i n  t h e  

pa t ch  a r e a .  There  is  some evidence  t h a t  t h e  l o n g e r  t r a n s v e r s e  j o i n t  s p a c i n g  

o f  t h i s  pavement  d e s i g n  c o n t r i b u t e s  t o  g r e a t e r  j o i n t  d i s t r e s s  a n d  a 

c o r r e s p o n d i n g  i n c r e a s e  i n  r e p a i r  n e e d s .  W e s t e r n  s t a t e s  do not  u s e  t h i s  



des ign  and no a t t e n t i o n  w i l l  be  pa id ,  i n  t h i s  r e p o r t ,  t o  r e p a i r  m e t h o d o l o g y  

p e c u l i a r  t o  t h a t  t y p e  of r i g i d  pavement. 

3.  Cont inuous ly  r e i n f o r c e d  c o n c r e t e  pavemen t s  h a v e  a  u n i q u e  f a i l u r e  

mode. The  a b s e n c e  o f  a  r e g u l a r  j o i n t  p a t t e r n  r e s u l t s  i n  a m a j o r i t y  of t h e  

r e p a i r  needs be ing  a l o n g  t h e  l o n g i t u d i n a l  e d g e  o r  whee l  p a t h .  The wheel  

p a t h  f a i l u r e s  a r e  wpunch-ou t l t  i n  n a t u r e  and  a r e  a form of s l a b  d i s t r e s s  

uncommon t o  pavements c u r r e n t l y  i n  A r i z o n a ' s  highway sys tem.  The o u t e r - l o o p  

s y s t e m  of  p a v e m e n t s  t o  be c o n s t r u c t e d  i n  Mar i copa  County,  however, w i l l  

i n c l u d e  CRC pavements; t h e r e f o r e ,  r e h a b i l i t a t i o n  of CRC pavements w i l l  h a v e  

t o  be add re s sed  i n  t h e  f u t u r e .  

4 .  P a r t i a l  dep th  pavement r e p a i r s  a r e  by f a r  t h e  m o s t  common a n d  m o s t  

o f t e n  o c c u r r i n g  r i g i d  pavement  r e p a i r  n e e d .  T h i s  r e p o r t  a d d r e s s e s  t h e  

t e c h n i q u e s ,  m a t e r i a l s ,  a n d  me thods  f o r  p a r t i a l  d e p t h  r e p a i r s  of  r i g i d  

pavements. 

There  a r e  two major components of t h e  r e p a i r  p roces s ;  t h e  p r e p a r a t i o n  of  t h e  

s l a b  f o r  r e p a i r ,  and t h e  m a t e r i a l  used  f o r  t h e  new pa t ch .  To i n s u r e  proper  

pavement r e p a i r ,  s p e c i f i c a t i o n s  and tests t h a t  r e l a t e  t o  t h o s e  m a t e r i a l s  and 

p rocedures  a r e  add re s sed .  



CHAPTER 111 SPECIFICATIONS FOR PARTIAL DEPTH CONCRETE 

PAVEMENT REPAIR 

The permanent r e p a i r  of p a r t i a l  depth f a i l u r e s  of po r t l and  cement 

c o n c r e t e  pavements r e q u i r e s  a  m a t e r i a l  t h a t  w i l l  permanently bond t o  

concrete and be a s  durable and abrasion r e s i s t an t  as  the or ig ina l  conc re t e .  

Specif icat ions f o r  p a r t i a l  depth r epa i r s  f a l l  in to  two broad categories:  

1 . Construction spec i f ica t ions  

2. Material  spec i f ica t ions  

I n  g e n e r a l ,  t h e  c o n s t r u c t i o n  s p e c i f i c a t i o n s  c o v e r  p r e p a r a t i o n ,  

placement, and curing of the patch in  the following order:  

1 . Ident i fy  the spa l led  areas 

2. Remove unsound concrete 

3 .  Prepare the r epa i r  area 

4 .  Reestablish the  jo in t  

5. Place and consol idate  the  pat& material  

6. Cure the  patch material  

The material  spec i f i ca t ions  cover the a b i l i t y  of the m a t e r i a l  t o  bond wi th  

t h e  e x i s t i n g  c o n c r e t e ,  t h e  s e t  t ime ,  s t r e n g t h  gain versus time, e t c .  In  

addi t ion,  there  w i l l  be some product s p e c i f i c  s p e c i f i c a t i o n s .  I t  m u s t  be 

recognized  t h e r e  is an i n t e r a c t  i on  between the material  selected and the 

construction process t o  meet the mixing, placing, and curing requirements of 

d i f f e r en t  mater ials .  

T h i s  s e c t i o n  o f  t h e  r e p o r t  r e v i e w s  t h e  s t a t e - o f - t h e - a r t  i n  

s p e c i f i c a t i o n s  f o r  p a r t i a l  depth c o n c r e t e  pavement r e p a i r s .  Sources 

ava i lab le  fo r  t h i s  review include r e p o r t s  on c o n c r e t e  pavement r e p a i r  by 

Smith e t  a l .  ( 1  1 and NCHRP Report 281 ( 2 ) "  Xn addi t ion,  spec i f ica t ions  from 

several  s t a t e s  were assembled by ATRC and provided t o  the authors: 



1 .  Arizona ( 3 )  

2. C a l i f o r n i a  ( 4 )  

3. Iowa ( 5 )  

4.  Michigan ( 6 )  

5. Texas ( 7 )  

6 .  I l l i n o i s  ( 8 )  

7. Pennsylvania  ( 9 )  

8. N e w  York (10) 

T h e  s p e c i f i c a t i o n s  f r o m  C a l i f o r n i a ,  T e x a s ,  a n d  M i c h i g a n  o n l y  c o v e r e d  

m a t e r i a l  r equ i r emen t s .  

CONSTRUCTION SPECIFICATIONS FOR PARTIAL DEPTH PATCHES 

The c o n s t r u c t i o n  recommendations from NCHRP Report 281 and f i v e  s t a t e s  

a r e  s u m m a r i z e d  i n  T a b l e  1 .  E a c h  a g e n c y  e x c e p t  I l l i n o i s  recommends 

d e t e r m i n i n g  t h e  e x t e n t  of  t h e  d e t e r i o r a t e d  c o n c r e t e  by s o u n d i n g  w i t h  a  

hammer o r  s t e e l  b a r .  New York is t h e  o n l y  agency wi th  a  s p e c i f i c a t i o n  on 

t h e  s i z e  hammer, ( 1 6  0 2 . ) .  I n  New York and I l l i n o i s  t h e  e n g i n e e r  d e f i n e s  

t h e  e x t e n t  of t h e  m a t e r i a l  t o  be removed, wh i l e  t h e  o t h e r  a g e n c i e s  recommend 

removing m a t e r i a l  3" p a s t  t h e  a r e a  of de laminat ion .  

A l l  t h e  a g e n c i e s ,  e x c e p t  New York, r e q u i r e  saw c u t t i n g  of t h e  a r e a  t o  

be  removed. NCHRP Report  281 recommends a 2" d e e p  saw c u t  ( 1  '7 a c c e p t a b l e  

when t h e r e  a r e  h a r d  a g g r e g a t e s ) .  Iowa b s e s  a  maximum saw c u t  dep th  of  I " ,  

i f  t h e  pa t ch  needs  t o  be deepe r ,  a  ch ipp ing  hammer i s  u s e d .  I l l i n o i s  and  

A r i z o n a  u s e  a  minimum saw c u t  o f  1  1 /2"  when p o r t l a n d  cement c o n c r e t e  is 

used f o r  t h e  p a t c h i n g  m a t e r i a l .  I l l i n o i s  a l l ows  a maximum d e p t h  o f  3 1 /211 

t o  be  removed w h i l e  i n  Pennsylvania  t h e  maximum dep th  f o r  removal is 5". If 

t h e r e  is unsound c o n c r e t e  below t h e  5" l e v e l  i n  P e n n s y l v a n i a ,  a f u l l  d e p t h  

p a t c h  is u s e d .  T h e r e  s eems  t o  b e  a g e n e r a l  c o n c e n s u s  that f u l l  d e p t h  





patches should  be used whenever t h e  delaminated c o n c r e t e  i s  more t h a n  one- 

hal f  t h e  depth  of any s l a b .  

A l l  a g e n c i e s  a l l o w  t h e  u s e  o f  pneumat ic  and c h i p p i n g  hammers f o r  

removal of t h e  d e l a m i n a t e d  concre te .  New York a l lows a  45 l b .  hammer and 

C o n t r o l s  t h e  number of blows p e r  minu te  and t h e  maximuln a i r  p r e s s u r e .  

I l l i n o i s  a l s o  a l l o w s  a 45 l b .  hammer b u t  o n l y  above t h e  l e v e l  of  t h e  

r e i n f o r c i n g  s t e e l .  (The I l l i n o i s  s p e c i f i c a t i o n  was f o r  c o n t i n u o u s l y  

r e i n f o r c e d  c o n c r e t e  pavement . )  Below t h e  r e i n f o r c i n g  s t e e l ,  a 15 pound 

hammer is used. NCHRP Report 281 recommends a  30 pound hammer. Ar izona  

s p e c i f i e s  a " l i g h t  t o  mediumt1 hammer whi le  Iowa r e q u i r e s  a  " l i g h t q 1  hammer. 

Pennsylvania only  a l lows t h e  use of a 15 pound chipping hammer. 

Iowa and New Yor-k a l l o w  m i l l i n g  f o r  removal of t h e  unsound mate r i a l .  

Following m i l l i n g ,  saw c u t s  and chipping a r e  used t o  square  t h e  f a c e  of  t h e  

p a t c h  a r e a .  New York w i l l  a l s o  allow t h e  unsound mate r i a l  t o  be removed by 

water b l a s t i n g  wi th  water p ressures  of 10,000 p s i .  

A l l  s t a t e s  r e q u i r e  c l ean ing  of the  a r e a  t o  be patched. Sand b l a s t i n g  

followed by compressed a i r  a n d / o r  vacuum i s  r e q u i r e d  o r  a c c e p t e d  by a l l  

a g e n c i e s .  Cleaning of r e s i d u a l  sand is required by a l l  agencies .  I l l i n o i s  

and NCHRP Report 281 al low water b l a s t i n g  but the  pavement must  be a l l o w e d  

t o  c o m p l e t e l y  dry  before  t h e  patch is placed.  I f  the  patching m a t e r i a l  has 

an adverse  r e a c t i o n  wi th  water ,  then  c lean ing  with water is not permit ted .  

A l l  t h e  a g e n c i e s ,  e x c e p t  I l l i n o i s  ( s p e c i f i c a t i o n  f o r  C R C P  o n l y ) ,  

recognize t h e  need t o  r e e s t a b l i s h  t h e  j o i n t  during the  p a t c h  c o n s t r u c t i o n .  

Temporary i n s e r t s  of  s t y r o f  oam o r  a n o t h e r  s u i t a b l e  m a t e r i a l ,  coated with 

bond breaker ,  a r e  used t o  c o n s t r u c t  t h e  j o i n t  t o  t h e  p r o p e r  w i d t h .  The 

s e a l a n t  r e s e r v o i r  can  be e s t a b l i s h e d  by saw c u t t i n g  a c c o r d i n g  t o  NCHRP 

Report 281. 



A s t u d y  i n  Pennsylvania  ( 1  ) found vo ids  between t h e  p a t c h  and o r i g i n a l  

PCC a s  a  key f a c t o r  l e a d i n g  t o  p a t c h  f a i l u r e .  A l l  a g e n c i e s ,  e x c e p t  New 

York, r e q u i r e  u s e  of a  bonding agen t  w i th  p o r t l a n d  cement based pa t ches .  I n  

most c a s e s  a sand-cement g r o u t  i s  u s e d  b u t  a n  epoxy b o n d i n g  a g e n t  may be  

r e q u i r e d  d e p e n d i n g  o n  t h e  m a t e r i a l  used f o r  t h e  pa tch .  I n t e r n a l  v i b r a t i o n  

of t h e  pa t ch  is r e q u i r e d  when t h e  t h i c k n e s s  is g r e a t e r  t h a n  2"  i n  New York 

a n d  3" i n  I l l i n o i s .  A v i b r a t i n g  s c r e e d  is a l s o  r e q u i r e d  i n  I l l i n o i s  f o r  

pa t ches  l a r g e r  t h a n  4 s q u a r e  f e e t  . 
G e n e r a l 1  y  a l l  t h e  a g e n c i e s  r e q u i r e  m a n u f a c t u r e r s  recommendations be 

a d h e r e d  t o  when u s i n g  r a p i d  s e t t i n g  m a t e r i a l s .  The NCHRP R e p o r t  281  

recommends a  two y e a r  f i e l d  e v a l u a t i o n  of pa t ch ing  m a t e r i a l s  b e f o r e  approval  

f o r  r o u t i n e  a p p l i c a t i o n s .  However,  n o n e  o f  t h e  s t a t e s  c o n t a c t e d  h a v e  

a d o p t e d  a  p o l i c y  o f  e v a l u a t i n g  pa t ch ing  m a t e r i a l s  i n  t h e  f i e l d  f o r  t h e  two 

j-?ar p e r i o d .  

P r o p r i e t a r y  r a p i d  s c t  m a t e r i a l s  mus t  be  c u r e d  i n  a c c o r d a n c e  w i t h  

manufac turer  recommendations,  a  r e q u i r e m e n t  f o l l o w e d  by a l l  s t a t e s  u s i n g  

t h e s e  m a t e r i a l s .  For  p o r t l a n d  cement based p a t c h e s ,  s t a n d a r d  c u r i n g  methods 

such  as wet b u r l a p ,  t he rma l  b l a n k e t s ,  c u r i n g  compounds, e t c .  a r e  used.  

RECOMMENDATIONS FOR CONSTRUCTION SPECIFICATIONS 

T h i s  review of t h e  c o n s t r u c t i o n  p r o c e d u r e s  f o r  p a r t i a l  d e p t h  p a t c h e s  

shows a h i g h  d e g r e e  of  u n i f o r m i t y  between t h e  many a g e n c i e s .  The f o l l o w i n g  

would c o n s t i t u t e  a g e n e r a l i z e d  set of c r i t e r i a .  

a )  Hammers o r  s t e e l  r o d s  s h o u l d  b e  u s e d  t o  i d e n t i f y  t h e  d e l i n e a t e d  

a r e a s  . 
b) The p a t c h  s h o u l d  ex t end  3" l a t e r a l l y  i n t o  t h e  sound c o n c r e t e .  

C )  Edges of t h e  pa t ch  shou ld  be saw c u t  t o  a  dep th  o f  1 1/2" t o  3 1/2" .  



d )  C h i p p i n g  hammers  i n  t h e  r a n g e  o f  15 t o  30 pounds s h o u l d  be used  t o  

remove t h e  unsound c o n c r e t e .  

e )  T h e  p a t c h  a r e a  s h o u l d  b e  s a n d  b l a s t e d  a n d  t h e n  c l e a n e d  w i t h  

compressed a i r .  

f )  T h e  r e s i d u a l  s a n d  m u s t  b e  c l e a n e d  f r o m  t h e  r o a d  s u r f a c e  a n d  

s h o u l d e r s .  

g )  Temporary i n s e r t s  s h o u l d  be used  t o  form j o i n t s .  

h )  If a p o r t l a n d  c e m e n t  c o n c r e t e  p a t c h  i s  u s e d ,  s a n d - c e m e n t  g r o u t  

s h o u l d  be used t o  promote bonding of  t h e  p a t c h  and t h e  s l a b .  

i )  The p a t c h  m a t e r i a l  s h o u l d  b e  p l a c e d  a n d  v i b r a t e d  o r  t a m p e d  i n t o  

p l a c e  t o  e n s u r e  t h e  removal  of a l l  v o i d s .  

j ) M a n u f a c t u r e  s p e c i f i c a t i o n s  s h o u l d  be f o l l o w e d  f o r  p l a c i n g  and  c u r i n g  

r a p i d  set m a t e r i a l s .  

k )  S t a n d a r d  c o n c r e t e  c u r i n g  p r o c e d u r e s  m u s t  b e  i n v o k e d  w h e n e v e r  a  

p o r t l a n d  cement c o n c r e t e  p a t c h  i s  u s e d .  



CHAPTER I V  LABORATORY TESTING OF RAPID SET MATERIALS 

There  are more r a p i d  set pa t ch ing  m a t e r i a l s  a v a i l a b l e  t h a n  can  f e a s i b l y  

be e v a l u a t e d  i n  f i e l d  t r a i l s .  Through March 1986 o v e r  80 c o m m e r c i a l l y  

a v a i l a b l e  r a p i d - s e t  p r o d u c t s  were eva lua t ed  i n  t h e  ADOT M a t e r i a l s  T e s t i n g  

l a b o r a t o r y  as p o s s i b l e  c a n d i d a t e s  f o r  u se  a s  r a p i d - s e t  pa t ches .  Very few of 

t h e s e  h a v e  b e e n  f i e l d  e v a l u a t e d .  I t  is i m p o r t a n t ,  howeve r ,  t h a t  new 

m a t e r i a l s  be  e v a l u a t e d  i n  t h e  l a b o r a t o r y  t o  ensu re  t h e y  meet c e r t a i n  minimum 

r e q u i r e m e n t s  b e f o r e  t h e y  a r e  f i e l d  t e s t e d .  T a b l e  2 is a  summary of t h e  

l a b o r a t o r y  t e s t  r equ i r emen t s  a s  performed by a  c r o s s - s e c t i o n  of s t a t e s .  

MATERIAL SPECIFICATIONS 

A l l  of t h e  s t a t e s  surveyed  use  a  compressive s t r e n g t h  s p e c i f i c a t i o n  f o r  

t h e  r a p i d  s e t  m a t e r i a l s .  New York has  t h e  most s t r i n g e n t  requi rement  wi th  

2500 p s i  i n  one  hour.  I l l i n o i s  and Iowa r e q u i r e  1500  p s i  i n  o n e  h o u r  and  

Ar izona  r e q u i r e s  1400 p s i  i n  one hour and 3000 p s i  a t  3 hour s .  Michigan and 

Texas r e q u i r e  2000 p s i  a f t e r  two hours .  The s t r e n g t h  requi rement  a t  28 days  

i n  t h e  r a n g e  o f  4 0 0 0  t o  5000 p s i  i s  used  i n  New Y o r k ,  M i c h i g a n ,  and  

I l l i n o i s .  Arizona and Iowa have a  s t r e n g t h  s p e c i f i c a t i o n  f o r  t h r e e  h o u r s  

b u t  do  n o t  r e q u i r e  any minimum s t r e n g t h  development a f t e r  t h a t  t ime.  Texas 

and Georgia  f i n a l  compression t e s t  requirement  is 3000 p s i  a t  24 hour s .  

T e x a s  a n d  C a l i f o r n i a  a r e  t h e  o n l y  s t a t e s  w i t h  f l e x u r a l  s t r e n g t h  

r equ i r emen t s .  Texas has  r equ i r emen t s  at one and t h r e e  hours  and  C a l i f o r n i a  

r e q u i r e s  a  break a t  24 h o u r s .  C a l i f o r n i a  r e q u i r e s  t h e  pa t ch  m a t e r i a l  t o  be 

ex tended  wi th  t h e  maximum p e r m i s s i b l e  amount of 3/8" pea g r a v e l  f o r  f l e x u r a l  

s t r e n g t h  t e s t s .  

S e v e r a l  s t a t e s  r e q u i r e  s h e a r  bond t e s t s ,  a l t hough  t h e  t e s t  p r o c e d u r e s  

v a r y  s i g n i f i c a n t l y  b e t w e e n  t h e  a g e n c i  e s  . C a l i f o r n i a  r e q u i r e s  s h e a r  bond 





t e s t s  on  b o t h  d r y  s a m p l e s  a n d  s a m p l e s  where  t h e  PCC i s  i n  a s a t u r a t e d  

s u r f  a c e  d r y  c o n d i t i o n  p r i o r  t o  p l a c i n g  t h e  pa t ch  m a t e r i a l .  Michigan u s e s  

f r eeze - thaw c y c l e s  i n  t h e i r  bonding t e s t .  

I n i t i a l  s e t  t ime  minimum requi rements  range from 5 minutes  f o r  New York 

and I l l i n o i s  t o  15 minu te s  f o r  Texas and C a l i f o r n i a .  Minimum t ime f o r  f i n a l  

s e t  r anges  from 20 minutes  i n  I l l i n o i s  t o  60 minutes  i n  Ar izona .  

There  is  wide v a r i a t i o n  i n  t h e  shr inkage  and e x p a n s i o n  l imi ts  a l l o w e d  

by t h e  many states. For example, t h e  expansion l i m i t  f o r  I l l i n o i s  i s  0.01, 

w h i l e  Texas and Iowa a l l ow a s  much a s  0 .15.  T h r e e  s t a t e s  h a v e  l imits  f o r  

b o t h  e x p a n s i o n  a n d  s h r i n k a g e ,  w h i l e  t h r e e  o t h e r  s t a t e s  o n l y  c o n t r o l  

s h r i n k a g e .  Texas and Ar izona ,  on t h e  o t h e r  h a n d ,  o n l y  c o n t r o l  e x p a n s i o n .  

T h e  A r i z o n a  s p e c i f i c a t i o n  a l l o w s  " s l i g h t f r  e x p a n s i o n ,  wh ich  s h o u l d  be 

q u a n t i f i e d .  Michigan i s  t h e  o n l y  s t a t e  t o  s p e c i f y  l i m i t s  on  modulus  o f  

e l a s t i c i t y  and thermal  c o n t r a c t i o n .  

TEST METHODS 

Tab le  3 summarizes t h e  s t a n d a r d  t e s t  methods used f o r  t h e  e v a l u a t i o n  o f  

r a p i d  s e t  p a t c h i n g  m a t e r i a l s .  C a l i f o r n i a  and New York h a v e  " s t a n d  a l o n e 1 '  

t e s t i n g  m a n u a l s  o r  p r o c e d u r e s  which  c o v e r  a l l  t h e  t e s t s  t hey  perform on 

t h e s e  m a t e r i a l s .  Thus ,  i n f o r m a t i o n  was n o t  a v a i l a b l e  o n  t h e  i n d i v i d u a l  

p rocedures  used f o r  t h e  measurement i n  each ca t ego ry .  

1 .  Compressive s t r e n g t h  is  determined o n  2"  x 2" m o r t a r  c u b e s  u s i n g  

ASTM p r o c e d u r e  C-109 by t h r e e  o f  t h e  s t a t e s .  Iowa p e r f o r m s  a 

compressive s t r e n g t h  t e s t  bu t  d i d  n o t  p r o v i d e  i n f o r m a t i o n  on t h e  

t e s t  p rocedure .  

2. S e t  time i s  d e t e r m i n e d  w i t h  ASTM t e s t  C-266 e x c e p t  i n  M i c h i g a n  

where no procedure  is s p e c i f i e d .  

3. Each s t a t e  u s e s  its own p rocedure  f o r  e v a l u a t i n g  bonding. 



TABLE 3 SUMMRY OF STANDARD TEST KETHODS 

Tes t  Iowa Michigan Texas I l l i n o i s  

Compressive N* PSTM 0 1 0 9  ASTM C-109 ASTM C-109 
St rength  

Flerurdl 
St rength  

ASTM C78-75 

S e t  Time ASTM G266 N ASTM C-266 ASTM C-266 

Bonding Iawa 406-b N N 

D u r a b i l i t y  ASTM C-666B ASTM C-666B ASTM C-666B 

Shrinkage N COE-CRD- 
C622 80 

Bcpansion i n  
Water 

Modulus of 
E l a s t i c i t y  

Thermal 
w a n s i o n  

Surface 
Sca l l i ng  

ASTM C-469 

ASTH C-490 

ASTM C157 

ASTM C-672 

*N i n d i c a t e s  a test is performed but no s tandard  is  given. 



4. P r o c e d u r e  B o f  ASTM C-666 i s  u s e d  t o  e v a l u a t e  d u r a b i l i t y .  Iowa 

u s e s  a  m o d i f i c a t i o n  o f  t h i s  p rocedure .  

5. P e n n s y l v a n i a  u s e s  ASTM C - 9 2 8  f o r  a c c e p t i n g  r a p i d - s e t  p a t c h  

m a t e r i a l s  ( i n c l u d i n g  magnesium p h o s p h a t e s ) .  

6.  M i c h i g a n  u s e s  a  C o r p s  o f  E n g i n e e r s  t es t  p r o c e d u r e  for e v a l u a t i n g  

s h r i n k a g e  and Iowa u s e s  a  p r o c e d u r e  deve loped  i n  s t a t e .  

7 .  S u r f a c e  s c a l i n g  i s  m e a s u r e d  by M i c h i g a n  a n d  I l l i n o i s  b u t  t h e  

p r o c e d u r e s  f o r  t h e  t es t  a r e  n o t  i d e n t i f i e d .  



CHAPTER V MATERIALS USED I N  RAPID-SET PATCHING OF R I G I D  PAVEMENTS 

An overview of t h e  p r a c t i c e s  of t h e  v a r i o u s  DOT's wi th  r e g a r d  t o  t h e i r  

p r e f e r e n c e s  be tween  t h e  many p r o p r i e t a r y  r a p i d - s e t  p roduc t s  can b e s t  be 

summed up a s :  

1.  T h e r e  i s  l i t t l e  c o n s i s t e n c y  i n  how o r  why c e r t a i n  p roduc t s  a r e  

used ,  a c c e p t e d ,  o r  r e j e c t e d  when v iewed f rom a c o n t i n e n t a l  U .S .  

b a s i s .  

2.  There are a number of s t a t e s  whose e x p e r i e n c e s  h a v e  l e d  them t o  

e s s e n t i a l l y  r e j e c t  t h e  u se  of any r a p i d - s e t  packaged p roduc t ,  and 

use  on ly  a h i g h - s t r e n g t h  p o r t l a n d  cement c o n c r e t e  pa t ch  wh ich  c a n  

be opened t o  t r a f f i c  i n  6 hou r s  o r  less. 

T a b l e  4 i s  a summary o f  p r a c t i c e s  i n  1 4  s t a t e s .  A number o f  t h e  

p r a c t i c e s  a r e  worthy o f  broader  comment: 

C a l i f o r n i a  h a s  j u s t  completed an e x t e n s i v e  s t u d y  o n  t h i s  s u b j e c t  and  

b a s e d  on  1986 test work found t h e  f o l l o w i n g  t o  be t h e  b e s t  per formers  based 

on  e x t e n s i v e  l a b  s t u d i e s :  

Se t -45  (CALTRANS fo rmula )  

Durapatch Hiway 

C e l r o c  10-60 

5 Star 

Duracal  

Sonose t  

Rapid S e t  Conc re t e  

Michigan u s e s  a p o r t l a n d  cement c o n c r e t e  p a r t i a l  d e p t h  p a t c h  wheneve r  

t h e y  c a n  k e e p  t r a f f i c  c l o s e d  o f f  f o r  8 h o u r s  o r  more.  I f  l e s s  t ime is 

a l lowed,  t h e i r  p roduc t  l i s t  of  r a p i d  s e t s  is  l i m i t e d  t o  3 b a s e d  o n  1986 

t e s t i n g :  





5 S t a r  Highway Patch  

Durapatch Hiway 

Burke F a s t  Pa tch  928 

Nine  o t h e r s  were t e s t e d  and r e j e c t e d ,  i n c l u d i n g  Set-45. Michigan a l s o  

u s e s  PCC e x c l u s i v e l y  f o r  a l l  f u l l  dep th  pa t ch ing .  

New York t e n d s  t o  u s e  f u l l  depth  pa t ch ing  wi th  PCC on ly .  The e x c e p t i o n  

t o  t h i s  is on Long I s l a n d ,  where Set-45 has  been  u s e d  s u c c e s s f u l l y  o n  t h e  

e x p r e s s w a y  system f o r  7-years .  The t r a f f i c  (200,000 ADT) r e q u i r e d  a  1-hour 

s t r e n g t h  of  2500 p s i .  f o r  r a p i d  opening.  

W i s c o n s i n  u s e s  a s p h a l t  f o r  temporary  pa t ch ing  u n t i l  a  f u l l  dep th  PCC 

r e p a i r  is made us ing  a  9 - 1 0  bag  mix .  Very l i t t l e  t e s t i n g  i s  done .  The 

e x c e p t i o n  t o  t h i s  is i n  t h e  urbanized  a r e a s  of Green Bay and Milwaukee where 

Duraca l  and Se t -45  a r e  used  r o u t i n e l y  f o r  p a r t i a l  dep th  pa tch ing .  

I l i i n o i s  a l s o  f o l l o w s  t h e  N Y  and Wisconsin methodology. They p r e f e r  

p o r t l a n d  cement based r e p a i r  m a t e r i a l ,  a n d  l i m i t  t h e i r  u s e  o f  r a p i d  s e t  

p roduc t s  t o  t h e  Chicago a r e a  where e i g h t  ( 8 )  p r o d u c t s  a r e  now i n  use :  

Duracal  

Road Patch 

S e t  I n s t a n t  Conc. Repai r  

Speed C r e t e  

Rapid S e t  Concre te  Mix 

Se t -45  

5 S t a r  Hwy Patch 

Rapid Road Repai r  

Iowa d o e s  3 m a j o r i t y  o f  r e p a i r  work by c o n t r a c t  and  c o s t s  u s u a l l y  - 
r e s u l t s  i n  a  h i g h  s t r e n g t h  p o r t l a n d  cement  b a s e d  inixed b e  c h o s e n  by 



c o n t r a c t o r .  They have t e s t e d  24 r a p i d - s e t  p r o d u c t s  a n d  r e j e c t e d  2 0 .  T h e  

approved  p r o d u c t s  are Set - 45 ,  Durapa tch  Hiway, Heavy T r a f f i c ,  and  S o n o s e t .  

M i s s o u r i  g e n e r a l 1  y  p e r f o r m s  f u l l  d e p t h  p a t c h e s  a n d  o p e n s  t h e m  t o  

t r a f f i c  i n  4 - h o u r s .  They  a r e  a  PCC p a t c h i n g  mix,  even i n  t h e  few p a r t i a l  

d e p t h  r e p a i r s  t h e y  d o .  R a p i d  se t  m a t e r i a l  is c o n f i n e d  t c  u s e  i n  b r i d g e  

r e p a i r s  where  S e t - 4 5  a n d  Duraca l  Hiway a r e  t h e  u s u a l  c h o i c e s  b a s e d  o n  f i e l d  

e x p e r i e n c e .  A g a i n ,  c o s t s  a r e  t h e  r e a s o n  b e h i n d  t h e  e x t e n s i v e  u s e  o f  

p o r t l a n d  cement based  p a t c h i n g  m a t e r i a l .  

G e o r g i a  and S o u t h  C a r o l i n a  a r e  a l s o  s t a t e s  t h a t  u s e  p o r t l a n d  c e m e n t  

b a s e d  p a t c h i n g  f o r  a  m a j o r i t y  o f  t h e i r  r e p a i r  work. The u s u a l  p r a c t i c e  is 

f o r  t h e  s t a t e  t o  e s t a b l i s h  t h e  limits of each p a t c h  a r e a  by s o u n d i n g  w i t h  a  

s t e e l  rod .  They t h e n  have  a  c o n t r a c t o r  saw and c h i p ,  and t h e n  r e p a i r  w i t h  a  

p o r t l a n d  cement based  mix c o n t a i n i n g  8-bags of p o r t l a n d  c e m e n t  a n d  c a l c i  um 

c h l o r i d e .  I t  s h o u l d  a l s o  b e  n o t e d  t h e y  t r y  n o t  t o  p l a c e  p a t c h e s  a t  less 

t h a n  5 0 ' ~  ( a m b i e n t ) ,  b u t  have no  h o t  wea ther  l i m i t a t i o n s .  

M i n n e s o t a  h a s  a n  a p p r o v e d  l i s t  o f  s i x  ( 6 )  r a p i d  s e t  p r o d u c t s ,  b u t  ---- 
a v o i d s  t h e i r  u s e  due t o  c o s t s .  T h e i r  w i d e s p r e a d  u s e  o f  p o r t l a n d  c e m e n t  

b a s e d  p a t c h e s  h a s  l e d  t o  t h e i r  r e c e n t  a p p r o v a l  a  pre-packaged m i x t u r e  i n  a 

751b. bag  u s i n g  a 9-bag mix w i t h  a s p e c i a l ,  d r y ,  a d m i x t u r e .  T h e s e  p a c k a g e s  

o f  d r y - m i x  m a t e r i a l s  a r e  u s e d  by t h e  c o n t r a c t o r s .  Minneso ta  and F l o r i d a  

seem t o  be t h e  o n l y  s t a t e s  p re -packag ing  a  PCC r e p a i r  mix. T h i s  m e t h o d  h a s  

t h e  p o t e n t i a l  of b e i n g  a d o p t e d  by o t h e r  s t a t e s  i f  t h e  a n t i c i p a t e d  s u c c e s s  is  

a c h i e v e d .  

P e n n s y l v a n i a ,  o n e  o f  t h e  s t a t e s  s t i l l  f i r m l y  commit ted t o  r a p i d  se t  

p r o d u c t s ,  have  f o u n d  magnesium p h o s p h a t e s  t h e  best p e r f o r m e r s  o n  t h e i r  s t a t e  

s y s t e m  o f  highways. T h i s  is  b a s e d  o n  o v e r  two d e c a d e s  of u s e  and  e x t e n s i v e  

f i e l d  i n v e s t i g a t i o n s .  On t h e  T u r n p i k e ,  Se t -45  is u s e d  a l m o s t  e x c l u s i v e l y .  



CHAPTER V I  AN OVERVIEW OF ARIZONA'S EXPERIENCE AND CURRENT 

R E P A I R  PHILOSOPHY 

Over  t h e  y e a r s ,  A r i z o n a  h a s  pe r fo rmed  a  l a r g e  number of l a b o r a t o r y  

t e s t s  on a v a r i e t y  of m a t e r i a l s  cons idered  a n d  p r o p o s e d  f o r  t h e  r e p a i r  of 

p o r t l a n d  cement  c o n c r e t e  pavement .  The accumula t ion  of t h e s e  d a t a  l e d  t o  

t h e  g e n e r a l  accep tance  of 80 d i f f e r e n t  commercial  p r o d u c t s  a s  p o t e n t i a l l y  

c a p a b l e  oP s e r v i n g  a s  s a t i s f a c t o r y  r a p i d - s e t  pa t ch ing  materials f o r  PCCP. 

From t h i s  v a s t  a r r a y  of t e s t  d a t a ,  a  more s e l e c t  list of f o u r  p r o d u c t s  was 

r e c e n t l y  c h o s e n  f o r  e x t e n s i v e  f i e l d  use  and e v a l u a t i o n .  These f o u r  r a p i d -  

S e t  m a t e r i a l s  have been used i n  an  e n g i n e e r e d  t e s t  p rog ram o f  r e p a i r  f o r  

s e g m e n t s  of  I n t e r s t a t e  17 i n  t h e  Phoen ix  m e t r o p o l i t a n  a r e a .  The f o u r  

m a t e r i a l s  i n c l u d e :  

1 .  C e l r o c  10-60 

2. Durapatch Hiway 

3.  Set -45  (CALTRANS formula)  

4 .  P e r c o l  

A 9-bag mix of a  p o r t l a n d  cement based c o n c r e t e  pa tch  m a t e r i a l  was used 

a s  a  base  s t a n d a r d .  T h e s e  p r o d u c t s  h a v e  been  i n  s e r v i c e  s i n c e  November 

1986 .  A d d i t i o n a l l y ,  MC-64 ,  a  2 p a r t  epoxy w i t h  r u b b e r ,  was p l aced  on  a  

s e c t i o n  of  1-17 i n  March 1987. C o n d i t i o n  s u r v e y s  a r e  b e i n g  made a t  t i m e  

i n t e r v a l s  c o n s i s t e n t  w i t h  a program b e i n g  a d m i n i s t e r e d  by t h e  A r i z o n a  

T r a n s p o r t a t i o n  Research Cen te r .  A f t e r  a two yea r  s e r v i c e  p e r i o d ,  a  r e p o r t  

w i l l  be p repa red  documenting each  p roduc t s  performance.  

F u t u r e  app rova l  of new r a p i d  s e t  m a t e r i a l s  m i g h t  t ake  t h e  fo rm of  a 

t h r e e - s t e p  a p p r o v a l  p r o c e d u r e .  F i r s t ,  t h e  mancfac turer  shows documented 

p r o o f  of  m e e t i n g  c e r t a i n  l a b o r a t o r y  t e s t  r e q u i r e m e n t s  f o r  f r e e z e - t h a w  

r e s i s t a n c e ,  vo lume change and compressive s t r e n g t h  a t  t h r e e  and s i x  hou r s .  



The Department could then e l ec t  t o  place these mater ials  i n  s e rv i ce  on t e s t  

s e c t i o n s  of t he  urban I n t e r s t a t e  systems under the same control  conditions 

presently used t o  evaluate rapid-sets  materials.  Acceptance f o r  i n c l u s i o n  

on t h e  approved l i s t  of rapid-sets  would be contingent on passing the two- 

year f i e l d  evaluation study successfully . 



CHAPTER VII CONCLUSIONS AND RECOMMENDATIONS 

An overview of t h e  c o n c r e t e  pa t ch ing  p r o c e d u r e s  of  many of  t h e  s t a t e  

highway a g e n c i e s  a c r o s s  t h e  Uni ted  S t a t e s  i n d i c a t e  t h e  fo l lowing :  

1 .  A s i g n i f i c a n t  number of s t a t e s  c o n s i d e r  t h e  u s e  o f  p r o p r i e t a r y  

r a p i d - s e t  m a t e r i a l s  a proven method of r e p a i r i n g  p o r t l a n d  cement 

c o n c r e t e  p a v e m e n t s .  They  h a v e  d e v e l o p e d  l a b o r a t o r y  t e s t  

r e q u i  r e m e n t s  and f i e l d  performance s t a n d a r d s  which a l l o w s  them t o  

a c c e p t  and r e j e c t  p roduc t s  acco rd ing ly .  

2. Another group of  s t a t e s  has less than  s a t i s f a c t o r y  expe r i ence  w i t h  

r a p i d - s e t  p roduc t s .  These s t a t e s  u se  pa t ch  m a t e r i a l s  w i t h  a b a s e  

of  p o r t l a n d  cement c o n c r e t e  p l u s  a  v a r i e t y  of admixtures  t o  a t t a i n  

t h e  h igh  e a r l y  s t r e n g t h  needed f o r  e a r l y  openings  t o  t r a f f i c .  

3.  A t h i r d  s e t  o f  s t a t e s  has had good e x p e r i e n c e  w i th  both  t y p e s  of 

p a t c h i n g ,  and  i n  some c a s e s  a l l o w s  a  c o n t r a c t o r  t h e  o p t i o n  t o  

s e l e c t  t h e  r e p a i r  method. Urban a r e a  geographic3  seems t o  be an 

impor t an t  element  i n  t h i s  r ega rd .  

The l o n g  t e r m  pe r fo rmance  of  e i t h e r  commercial r a p i d  s e t s  o r  p o r t l a n d  

cement based pa t ch  m a t e r i a l s  v a r i e s  widely.  However,  t h e r e  i s  s u f f i c i e n t  

ev idence  t o  i n d i c a t e  p o r t l a n d  cement c o n c r e t r  pa t ches  r a r e l y  f a i l  t o  perform 

i f  mix d e s i g n ,  p l a c i n g ,  and c u r i n g  s r e  p rope r ly  performed.  

The somewhat e r r a t i c  performance of t h e  p r o p r i e t a r y  r a p i  d-se t  m a t e r i a l s  

i s  somewhat p u z z l i n g  a t  f i r s t  g l a n c e .  Even a c r o s s  s h o r t  s t a t e - t o - s t a t e  

d i s t a n c e s  t h e  s u c c e s s  r a t e  o f  a n y  g i v e n  r a p i d - s e t  m a t e r i a l  c a n  v a r y  

a p p r e c i a b l y .  H o w e v e r ,  o n e  c a n  s p e c u l a t e  o n  r e a s o n s  f o r  t h e s e  

i n c o n s i s t e n c i e s  . The packaged m a t e r i a l s  may we l l  be someuhat more d i f f i c u l t  

t o  use  c o n s i s t e n t l y ,  a s  t h e i r  s e t - r a t e s  and r e l a t e d  w o r k a b i l i t y  c o u l d  have a 

s i g n i f i c a n t  i m p a c t  on bond s t r e n g t h ,  a p r o p e r t y  t h a t  w i l l  have impor t an t  



bearing on both the short  and long term performance c a p a b i l i t i e s  of each 

m a t e r i a l .  Add i t i ona l ly ,  s e t - r a t e  v a r i a b i l i t y  (espec ia l ly  a s  effected by 

changes in temperatures) r e s u l t s  i n  the f i e l d  laborers having t o  " f igh t"  the 

placement of a  patch and t h i s  w i l l  s u r e l y  lead t o  l e s s  than sa t i s f ac to ry  

perf ormance . 
The ma t t e r  of c o s t s  has  a  d i r e c t  bearing on t h e  cho ices  of r epa i r  

m a t e r i a l s  by t h e  r e s p e c t i v e  agenc ie s .  Rapid-sets  a r e  more expens ive ,  

although the  cost d i f f e r e n t i a l s  can be ju s t i f i ed  from the  standpoint of both 

time and convenience,  p a T t i c u l a r l y  i n  urban a r e a s .  I n  s t a t e s  where  

comparat ive1 y l a r g e  r e p a i r  programs a re  being implemented, however, these 

cost d i f f e r e n t i a l s  can be s ign i f i can t .  Finding a  r a p i d - s e t  m a t e r i a l  t h a t  

w i l l  work s a t i s f a c t o r i l y  i n  patches prepared without the need f o r  sawing and 

other r e l a t ed  high cost  preparations,  may well o f fse t  these cost  premiums. 

CONCLUSIONS 

This review of the s tate-of- the-ar t  i n  pa r t i a l  depth repa i r  of portland 

cement c o n c r e t e  pavements has demonstrated t h e  a b i l i t y  of t h e  v a r i o u s  

p a t c h i n g  m a t e r i a l s  t o  b o t h  p e r f o r m  s a t i s f a c t o r i l y  a n d  t o  f a i l .  

Unfortunately, there  is  in su f f i c i en t  knowledge a t  t h i s  time t o  predict  which 

m a t e r i a l s  w i l l  perform well  and under what c o n d i t i o n s .  When t h e r e  i s  

adequate  c u r i n g  t ime,  p o r t l a n d  cement concrete patches appear t o  have the 

best overal l  record. 

By c o m p a r i s o n ,  a  few of t h e  p r o p r i e t a r y  r a p i d - s e t s  seem t o  be 

performing s a t i s f a c t o r i l y  i n  given geographic areas.  Set-45 is perhaps t h e  

o b v i o u s  l e a d e r  i n  t h i s  r e g a r d .  However, even w i t h  Se t -45 ,  chemical 

reformulation is apparently necessary t o  allow i t  t o  meet t h e  r equ i r emen t s  

i n  warmer climates.  



There a r e  a  la rge  number of variables which can a f f e c t  the performance 

of a  p a t c h ;  m a t e r i a l  p r o p e r t i e s ,  c o n s t r u c t i o n  v a r i a b i l i t y ,  weather  

conditions,  e t c .  Current pract ices  for laboratory evaluation do not capture 

a l l  of t h e s e  v a r i a b l e s .  The r e s u l t  is a lack of cor re la t ion  between the 

performance of the mater ials  i n  the laboratory and i n  t h e  f i e l d .  T h i s  has 

l e d  t o  t h e  need fo r  cos t ly  f i e l d  evaluation of mater ials  before they can be 

placed on an approved list.  

S U C C ~ S S ~  u l  pa t ch ing  of po r t l and  cement c o n c r e t e  pavements requi res  

c o n t r o l  of t h e  c o n s t r u c t i o n  process  a s  wel l  a s  t h e  use of a p p r o p r i a t e  

mater ials .  The construction pract ices  include iden t i f i ca t ion  and removal of 

unsound mater ia l ,  cleaning the a rea ,  reforming the j oint  , applying a  bonding 

a g e n t ,  i f  n e c e s s a r y ,  mix ing  and p l ac ing  t h e  m a t e r i a l ,  and c u r i n g  a s  

required. Iden t i f i ca t ion  of the unsound a rea  is  accomplished by tapping the 

pavement w i t h  a  s t e e l  bar  o r  hammer and l i s t en ing  f o r  a  hollow sound; an 

unsophisticated yet apparently successful technique. A chipping  hammer i s  

u s u a l l y  used t o  remove t h e  unsound m a t e r i a l  a f t e r  t h e  perimeter  of the 

affected a r e a  has been saw c u t  t o  a  depth  of 1 1 / 2  t o  3 " .  The a r e a  i s  

c leaned  by sand  b l a s t i n g .  The patch material  is proportioned and mixed t o  

spec i f ica t ion .  T h i s  s t e p  is more de l i ca t e  than normal mixing of p o r t l a n d  

cement concrete because smaller quant i t ies  of mater ials  a r e  usually used. A 

small e r ro r  i n  measuring can have a  large e f f ec t  on t h e  performance of t h e  

mater ial .  In addi t ion,  t he  mater ials  used for  rapid r epa i r s  reac t  a t  a  much 

f a s t e r  r a t e  than convent ional  m a t e r i a l s .  T h i s  could r e s u l t  i n  improper 

placement of the mater ia l s  unless the construct ion crerr is  proper1 y t rained 

and experienced. 

P l ac ing  t h e  m a t e r i a l  r e q u i r e s  vibrat ing or tamping, dqending  on the 

depth of the r e p a i r ,  t o  ensure the re  a r e  no voids a t  t h e  i n t e r f a c e  between 



t h e  e x i s t i n g  s l a b  a n d  t h e  p a t c h  m a t e r i a l .  Bond a t  t h e  i n t e r f a c e  i s  

ext remely  impor t an t .  The p a t c h  m a t e r i a l  is l e v e l e d  t o  be e v e n  w i t h  t h e  

e x i s t i n g  s u r f a c e  and  t e x t u r e d  i f  a p p r o p r i a t e .  Cur ing  t h e  m a t e r i a l  depends 

on manufac turer  s p e c i f i c a t i o n s .  However, i f  t h e  pa t ch  m a t e r i a l  i s  b a s e d  o n  

p o r t l a n d  c e m e n t ,  i t  s h o u l d  p r o b a b l y  be m o i s t  c u r e d ,  a 1  t h o u g h  membrance 

c u r i n g  compounds can be used i f  c a r e f u l l y  monitored i n  t e r m s  of a p p l i c a t i o n  

r a t e s .  

RECOMMENDATIONS 

As e v i d e n c e d  by t h e  f a c t  t h a t  over  80 m a t e r i a l s  pa s sed  t h e  l a b o r a t o r y  

e v a l u a t i o n  program a t  ADOT and y e t  a  number of t h e s e  m a t e r i a l s  f a i l e d  i n  t h e  

f i e l d ,  i t  is  c l e a r  t h a t  c u r r e n t  l a b o r a t o r y  t e s t i n g  of t h e s e  m a t e r i a l s  is 

inadequa te  . 
We recommend a  l a b o r a t o r y  e v a l u a t i o n  program be des igned  t o  i n c l u d e  t h e  

many v a r i a b l e s  t h a t  evo lve  from c o n s t r u c t i o n  procedures .  Only a f e u  a c t u a l  

t e s t s  a r e  needed: 

1 .  S e t  time 

2. Thermal expans ion  and f reeze-thaw c y c l i n g  

3 .  Bonding w i t h  t h e  o r i g i n a l  c o n c r e t e  s l a b  

4 .  Modulus of e l a s t i c i t y  

5. Compressive s t r e n g t h  v e r s u s  t ime.  

S t a n d a r d  t e s t  methods can be used f o r  t h e  e v a l u a t i o n .  A unique  p a r t  of t h e  

e v a l u a t i o n  p l an  would be t h e  i n t r o d u c t i o r ,  of v a r i a b i l i t y  i n  t h e  t e s t s .  The 

mater ials  s h o u l d  be mixed  w i t h  s l i g h t  v a r i a t i o n s  i n  p r o p o r t i o n s  of t h e  

i n g r e d i e n t s .  For  example ,  i n  p o r t l a n d  cement  b a s e d  p r o d u c t s ,  t h e  w a t e r  

c o n t e n t  s h o u l d  b e  9 0 ,  100 a n d  110 p e r c e n t  of t h e  r e q u i r e d  amount. Other  

v a r i a t i o n s  w i l l  depend on  t h e  s p e c i f i c  m a t e r i a l  b e i n g  e v a l u a t e d .  F o r  t h e  

b o n d i n g  t e s t ,  t h e  amount of t ime  between mixing t h e  samples  and  molding t h e  



s a m p l e  s h o u l d  be v a r i e d .  F o r  example ,  samples  c o u l d  be p r e p a r e d  immedia te ly  

a f t e r  t h e  i n g r e d i  e n t s  a r e  m i x e d  a n d  a t  f ive-rnf n u t e  i n t e r v a l s  up t o  t h e  

i n i t i a l  set time. Tempera ture  is t h e  t h i r d  f a c t o r  t h a t  can  be v a r i e d .  T h e  

p r o p e r t i e s  of r a p i d  se t  m a t e r i a l s  c o u l d  be v e r y  s e n s i t i v e  t o  t h e  ambien t  a i r  

t e m p e r a t u r e  and t h e  t e m p e r a t u r e  o f  t h e  s l a b  beillg r z p a i r e d .  The e v a l u a t i o n  

t e s t s  s h o u l d  b e  p e r f o r m e d  a c r o s s  t h e  r a n g e  of  e x p e c t e d  c o n d i t i o n s .  Night-  

time pavement t e m p e r a t u r e s  s h o u l d  b e  m e a s u r e d  t o  e s t a b l i s h  t h e  r e q u i r e d  

r a n g e .  

U n t i l  i t  c a n  b e  d e m o n s t r a t e d  t h a t  t h e  r e s u l t s  o f  s u c h  a p r o p o s e d  

e v a l u a t i o n  p l a n  c a n  b e  c o r r e l a t e d  w i t h  f i e l d  p e r f o r m a n c e ,  t h e  f i e l d  

e v a l u a t i m  p r o c e d u r e s  c u r r e n t l y  u s e d  by ADOT (12) s h o u l d  b e  c o n t i n u e d .  I n  

f a c t ,  t h e  m a t e r i a l s  c u r r e n t l y  b e i n g  f i e l d  t e s t e d  s h o u l d  b e  t h e  p r i m a r y  

c a n d i d a t e s  f o r  t h e  i n i t i a l  l a b o r a t o r y  e v a l u a t i o n  program. 

F u t u r e  a p p r o v a l  o f  new r a p i d  s e t  m a t e r i a l s  migh t  t a k e  t h e  fo rm of a  

t h r e e - s t e p  a p p r o v a l  p r o c e d u r e .  F i r s t ,  t h e  manuf a c t u r e r  mus t show documented 

p r o o f  o f  m e e t i n g  c e r t a i n  l a b o r a t o r y  t e s t  r e q u i r e m e n t s  f o r  f r e e z e - t h a w  

r e s i s t a n c e ,  volume change ,  b o n d i n g / s h e a r  s t r e n g t h s  and  c o m p r e s s i v e  s t r e n g t h  

a t  o n e ,  t h r e e  a n d  s i x  h o u r s .  If t h e s e  tests are  s u c c e s s f u l l y  p a s s e d ,  t h e  

D e p a r t m e n t  c o u l d  t h e n  e l e c t  t o  p l a c e  t h e  m a t e r i a l  i n  s e r v i c e  o n  t e s t  

s e c t i o n s  o f  t h e  u r b a n  i n t e r s t a t e  sys tem under  t h e  same c o n t r o l  c o n d i t i o n s  

p r e s e n t l y  u s e d  t o  e v a l u a t e  r a p i d - s e t  m a t e r i a l s .  F u l l  a n d  f i n a l  a c c e p t a n c e  

f o r  i n c l u s i o n  o n  a n  a p p r o v e  l i s t  of  r a p i d - s e t s  w o u l d  b e  c o n t i n g e n t  o n  

p a s s i n g  b o t h  t h e  l a b  t e s t s  and  a one-year  f i e l d  e v a l u a t i o n  s t u d y .  
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APPENDIX A 

ANNOTATED BIBLIOGRAPHY AND TELEPHONE INTERVIEW 
RESULTS REGARDING REPAIR PRACTICES BY v ARI O U ~  

DEPARTMENTS OF TRANSPORTATION 

C a l i f o r n i a ,  5* 

1 .  They r u n  c h e m i c a l  t e s t s  o n  r a p i d - s e t s  t o  d e t e c t  p o t e n t i a l  hazardous 

m a t e r i a l s  and t o  de t e rmine  q u a n t i t y  of c h l o r i d e s  & s u l f a t e s .  

2. They a r e  more  c o n c e r n e d  w i t h  thin-bonded o v e r l a y s  t han  wi th  pa t ches  & 

many of  t h e i r  new t e s t  me thods ,  s u c h  a s  f l e x u r a l  s t r e n g t h ,  a b r a s i o n  

r e s i s t a n c e ,  and  bond s t r e n g t h ,  were developed i n  t h i s  r e g a r d .  

3.  The new t e s t s  a r e  d i f f i c u l t  f o r  mos t  r a p i d - s e t s  t o  p a s s ,  a n d  f e w  

p roduc t s  comply. The re  i s  no l ist  of approved p r o d u c t s .  

F l o r  i da 

1 .  T h e y  h a v e  d o n e  a  l i m i t e d  amount  of  t e s t i n g  o n  r a p i d - s e t s  & h a v e  

developed a s p e c i f i c a t i o n  o n  t h o s e  f i n d i n g s .  

2. There  i s  an approved list of r a p i d  s e t  p roduc t s .  

3.  They p r e f e r  por t la r id  cement-based m a t e r i a l  f o r  t h e i r  pavement  r e p a i r s  

and  a r e  p r e p a c k a g i n g  t h i s  m a t e r i a l  i n  two t y p e s ;  one t h a t  r e a c h e s  a  

r e q u i r e d  s t r e n g t h  of  500 p s i  i n  3 h o u r s ,  t h e  o t h e r  ( c a l l e d  v e r y  r a p i d  

ha rden ing )  r e q u i r e s  2000 p s i  i n  3 h o u r s .  

4. They u s e  m a i n t e n a n c e  f o r c e s  i n  r u r a l ,  n o r t h e r n  F l o r i d a .  I n  t h e  

s o u t h e r n  s e c t i o n s ,  p a r t i c u l a r l y  n e a r  M i a m i  and Dade County, t h e y  u s e  

c o n t r a c t s  a lmost  e x c l u s i v e l y .  



I l l i n o i s ,  ,,, , 
1 .  On t h e i r  CRCP r e p a i r s ,  o n l y  f u l l - d e p t h  r e p a i r s  a l lowed,  u s i n g  Type  111 

p o r t f a n d  cement mixes. 

2. Opening t o  t r a f f i c  270 p s i  f l e x u r a l  s t r e n g t h  s e e m s  t o  be i m p o r t a n t  

f a c t o r  i n  performance. They r e q u i r e  300 p s i .  

3 .  S t r e n g t h  i n  f i e l d  pa t ches  a p p a r e n t l y  s t r o n g e r  t h a n  l a b  p a t c h e s  d u e  t o  

h e a t  bu i ld-up  i n  t h e  f i e l d  pa tch .  

4 .  They u s e  i n s u l a t i n g  c o v e r s  t o  e l e v a t e  t empera tu re s  of pa t ch ,  b u t  n e v e r  

90 '~ .  

5. They l i k e d  s u p e r - p l a s t i c i z e r  mixes f o r  w o r k a b i l i t y ,  but  l i t t l e  b e n e f i t  

found from t h e s e  h i g h e r ,  e a r l i e r  s t r e n g t h  va lues .  

6.  They have used microwave d e v i c e s  t o  p o l y m e r i z e  r e s i n  m a t e r i a l s ,  b u t  

s a f e t y  c a n  be  a  p r o b l e m .  T h i s  is e s p e c i a l l y  t r u e  f o r  c l eanup  wi th  

methylene  c h l o r i d e  ( p o t e n t i a l l y  hazardous t o  h e a r t  & l u n g s ) .  They w i l l  

no t  u se  polymers as a l t e r n a t i v e  t o  r a p i d  s e t s  o r  PCC t ype  111. - 

*Refer t o  B ib l iog raphy  f o l l o w i n g .  



1 .  Had approved  f o u r  ( 4 )  r a p i d - s e t s  ( 1 9 8 5 ) ;  D a y t o n  Heavy  T r a f f i c ,  

Durapatch Hwy., Set-45, and Sonoset .  

2. They r e q u i r e  2500 p s i .  a t  3 hours.  

Loui s i ana  3 
1 . Reported exper ience  somewhat dated ( 1975) 

2. T h e i r  t e s t s  i n d i c a t e d  t h a t  a f t e r  o n l y  8 months of f i e l d  t r i a l s ,  

performance - not r e l a t e d  t o  compressive s t r e n g t h  a lone.  Some low 6-hour 

s t r e n g t h s  of 890 p s i  performed s a t i s f a c t o r i l y ,  whi le  3000 p s i  f a i l e d .  

No explanat  ion given. 

3 .  No r a p i d - s e t s  used -- a l l  Type 111 concrete  wi th  v a r i e t y  of w/c r a t i o s  

& admixtures.  

Minnesota 

1.  Few r a p i d - s e t s  used. A por t l and  cement concre te  mix w i t h  9-bags and a 

wat er-reducing a c c e l e r a t o r  has wide-spread use & appl i c a t i o n .  

2.  They have r e c e n t l y  al lowed t h i s  PCC mix t o  be prepackaged i n t o  75 l b .  

dry  bags f o r  use by both c o n t r a c t o r s  & s t a t e  maintenance f o r c e s .  

3. klthough used only o c c a s i o n a l l y ,  & under s p e c i a l  c i rcumstances ,  r a p i d -  

s e t s  a r e  a l l o w e d  b a s e d  on an approved  l i s t  of 1 2  products inc lud ing  

SET-4 5. 



Missour i  

1 .  T h i s  is  a n o t h e r  s t a t e  t h a t  u s e s  p o r t l a n d  c e m e n t  c o n c r e t e  m i x e s  

predominate ly  . 
2. They r e q u i r e  Type I11 p o r t l a n d  cement and a c c e l e r a t o r s .  

3 .  R a p i d  se ts  a r e  s e l d o m  u s e d  f o r  pavement  r e p a i r s ,  b u t  t h e y  a r e  used 

e x t e n s i v e l y  f o r  b r i d g e  deck r e p a i r s .  

4. T h e i r  PCC mix r e q u i r e s  2000 p s i  i n  4 -hour s ;  a l t hough  6-hours  may be 

needed i n  cool  weather .  

5. They  h a v e  s u c c e s s f u l l y  used Duracal  & SET-45 f o r  pavement r e p a i r s ,  bu t  

c o s t s  d i c t a t e  u se  of PCC mix. 

6. Most  p r o b l e m s  a r e  a t  t h e  j o i n t s  on 66 f t .  p a n e l s  ( r e i n f ~ c e d )  These 

a r e  u s u a l l y  f u l l - d e p t h  p a t c h e s .  

7.  Most u r b a n  r e p a i r s  by c o n t r a c t ;  r u r a l  by m a i n t e n a n c e  f o r c e s  u s i n g  

s p e c i a l  c r e w s  t r a i n e d  i n  c o n c r e t e  p a t c h i n g  t e c h n i q u e s  -- o n e  p e r  

d i s t r i c t .  

8. No approved l i s t  of r a p i d - s e t s .  

9 .  T h e i r  r e s e a r c h  e f f o r t s  a r e  m a i n l y  a imed  a t  P C C  m i x e s  & p l a c e m e n t  

i mpr overnent s . 



Nebras kal 

1 .  Repairs based on numerical ra t ing system f o r  s p a l l s  & cracking. 

2. Uses Type 111 + CaCl for  both f u l l  h p a r t i a l  depth r epa i r s .  

3 .  Epoxy in j ec t ion  of cracks not found t o  be successful .  

4 .  Patch a rea  opened using 2" saw-cuts & 15 l b .  chip hammer. 

5. Air,  water or sand b l a s t  f o r  cleaning. 

6 .  Rapid-set packaged mater ia l s  not used by t h i s  s t a t e .  - 

Pennsylvania 
2,13 

1 .  Defines s p a l l i n g  a s  c r ack ing ,  breaking  o r  chippilrg w i t n l l l  ? f t .  of 

j o in t  or major crack. 

2. Most repa i rs  par t ia l -deptn.  

3. Extensive l is t  (25) of pre-approved rapid-set mater ials .  

4 .  Also approve two latex-modified concretes, two polymers, and a  Type 111 

concrete w i t h  CaC1. 

5. Repairs t o  - CRCP in  t h ree  categories  by s i z e .  

a .  Small ( 1 sq .  f t . ) :  Polymers d i d  well 

b. Medium 9 t o  10  sq .  f t . ) :  Set 45 and 3 o thers  f a i l e d  within one 

y e a r .  Polymers n o t  much b e t t e r .  Type 1 1 1  P C C  p a t c h e s  

performed be t t e r .  

c .  For l a rge r  s p a l l s  and severe punchouts,  r e p a i r s  r e q u i r e  Type 

111 PCC patches exclusively. 



Texas,, 

0 1 .  Warming r a p i d - s e t s  a b o v e  40 F  had s i g n i f i c a n t  e f f e c t  on s t r e n g t h  f o r  

most of t h o s e  i n v e s t i g a t e d .  - 
2. Cos t s  v a r i e d  from $239/cy f o r  Duracal  t o  $986/cy f o r  SET-45. 

3. Polymers had  h igh  s h r i n k a g e  & c o e f f i c i e n t  of thermal  expans ion .  

4. Cool  t e m p e r a t u r e s  d e f i n i t e l y  a d v i s a b l e  f o r  r a p i d - s e t  pa t ch ing .  They 

a l s o  recommend keeping p a t c h e s  s m a l l .  

5. They t r i e d  s t e e l  & Polypropolene  f i b e r s  wi th  v a r i e d  r e s u l t s .  

6. Requi res  2000 p s i  i n  1-hr ;  6400 p s i  i n  24-hrs .  

7 .  T h e i r  e x p e r i e n c e  w i t h  r e g u l a r  SET-45 i n  hot weather  r e s u l t e d  i n  low 

(206 p s i )  s t r e n g t h  a t  1 hour .  Use o f  hot  weather f o r m u l a t i o n  i m p r o v e d  

t h i s  a n d  a l l owed  f o r  i ts a p p r o v a l ,  by D i s t r i c t  e v a l u a t i o n  s t u d y ,  a l o n g  

w i t h  Fondu C 3 A ,  P l e x i c r e t e ,  T a p e c r e t e  & Gi lco  Hwy. Patch .  

8. T h e i r  s u r v e y  o f  o t h e r  s t a t e  DOT'S i n d i c a t e s  t h e  m o s t  i m p o r t a n t  

c h a r a c t e r i s t i c s  of a  r a p i d - s e t  m a t e r i a l  a r e  s e t  t i m e ,  w o r k i n g  t i m e  & 

d u r a b i  l i t y  . I n  t e r m s  o f  m e c h a n i c a l  p r o p e r t i e s ;  bond s t r e n g t h ,  

s h r i n k a g e ,  f l e x u r a l  s t r e n g t h  & compressive s t r e n g t h  a r e  most impor t an t .  

9. I n  po lymer  c o n c r e t e  r e p a i r s ,  t h e i r  expe r i ence ,  a l t h o u g h  l i m i t e d  t o  MMA 

based polymers,  i n d i c a t e s  l i t t l e  e v i d e n c e  o f  s u c h  p a t c h e s  f a i l i n g  t o  

p e r f o r m .  T h e i r  c o s t  ( u p  t o  $ 1 8 0 0 / c y ) ,  h o w e v e r ,  was c o n s i d e r e d  

e x c e s s i v e .  



1 .  Pa t ches  by p r i v a t e  c o n t r a c t  more  e f f e c t i v e  & b e t t e r  p e r f o r m i n g  t h a n  

t h o s e  p l a c e d  by f o r c e  a c c o u n t .  T h i s  i s  r e l a t e d  t o  t h e  c o n t r a c t o r ' s  

t endency  t o  c l o s e l y  f o l l o w  s t a t e  specs .  & g u i d e l i n e s .  

2. They  h a d  poor performance from Duracal & Fondu p a t c h e s .  Embeco 41 1 A  & 

p o r t l a n d  cement-based p a t c h e s  had s a t i s f a c t o r y  p e r f o r m a n c e  a f t e r  t e n  

y e a r s  expe r i ence .  

3 .  Patch  f a i l u r e s  u s u a l l y  r e l a t e d  t o  one o r  more of t h e  fo l lowing :  

a .  Lack  of a d e q u a t e  sounding  r e s u l t i n g  i n  not  removing e n t i r e  unsound 

p o r t  i o n s  

b. Pa tches  shou ld  not  be s m a l l e r  t h a n  2 f t .  x 2 f t .  

c .  No pa t ch  s h o u l d  be l a r g e r  t h a n  8 f t .  i n  any  d i r e c t i o n .  I f  s o ,  

r e p l a c e  e n t i r e  s l a b .  

d .  For most j o i n t  r e l a t e d  d i s t r e s s e s ,  u s e  a  2 f t .  minimum p a t c h  a l o n g  

e n t i r e  12 '  j o i n t  width.  

e .  Never t e r m i n a t e  any p a t c h  i n  a  wheel pa th  

f .  Use a l l  s t r a i g h t  l i n e s ,  s q u a r e  o r  r e c t a n g u l a r  (and  a v o i d  t r i a n g l e s )  
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